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The denitrifying “Aromatoleum aromaticum” strain EbN1 was demonstrated to utilize p-ethylphenol under
anoxic conditions and was suggested to employ a degradation pathway which is reminiscent of known anaerobic
ethylbenzene degradation in the same bacterium: initial hydroxylation of p-ethylphenol to 1-(4-hydroxyphenyl)-
ethanol followed by dehydrogenation to p-hydroxyacetophenone. Possibly, subsequent carboxylation and thio-
Iytic cleavage yield p-hydroxybenzoyl-coenzyme A (CoA), which is channeled into the central benzoyl-CoA
pathway. Substrate-specific formation of three of the four proposed intermediates was confirmed by gas chromato-
graphic-mass spectrometric analysis and also by applying deuterated p-ethylphenol. Proteins suggested to
be involved in this degradation pathway are encoded in a single large operon-like structure (~15 kb).
Among them are a p-cresol methylhydroxylase-like protein (PchCF), two predicted alcohol dehydrogenases
(ChnA and EbA309), a biotin-dependent carboxylase (XccABC), and a thiolase (TioL). Proteomic analysis
(two-dimensional difference gel electrophoresis) revealed their specific and coordinated upregulation in
cells adapted to anaerobic growth with p-ethylphenol and p-hydroxyacetophenone (e.g., PchF up to
29-fold). Coregulated proteins of currently unknown function (e.g., EbA329) are possibly involved in
p-ethylphenol- and p-hydroxyacetophenone-specific solvent stress responses and related to other aromatic

solvent-induced proteins of strain EbN1.

Alkylphenols, such as p-ethylphenol, are present in coal tars
and crude oils (2, 45). Besides the accidental release of fuel-
derived alkylphenols to the environment, phenolic compounds
are also prominent constituents of petrochemical wastewaters
arising from spent caustic and coal gasification. Alkylphenol
concentrations in these effluents (mainly phenol, cresols, and
ethylphenols) range from 100 to 68,000 mg liter ', depending
on the source (2). Moreover, p-ethylphenol can also be plant
derived; e.g., native olive oils contain up to 52 mg p-ethylphe-
nol per kg, and the content can reach 470 mg kg~ ' during
storage (5). p-Ethylphenol can also be formed from p-coumaric
acid, a major component of cereal cell walls, by several yeast
and Lactobacillus species (11, 50). Due to their cytotoxicity and
relatively high water solubility (www.epa.gov/safewater/mcl
.html), alkylphenols are of environmental concern.

Anaerobic degradation of aromatic compounds requires re-
actions independent of molecular oxygen. They are fundamen-
tally different from the oxygenase-catalyzed reactions em-
ployed under oxic conditions (for an overview, see references
14, 17, and 18). A variety of anaerobic aromatic compound-
degrading bacteria were newly isolated during the last decades
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(for an overview, see references 46 and 51). Most of them are
denitrifiers belonging to the “Aromatoleum”/Azoarcus/Thauera
cluster within Betaproteobacteria (R. Rabus et al., unpublished
data). “Aromatoleum aromaticum” strain EbN1, a metaboli-
cally versatile representative of this group, was originally iso-
lated with ethylbenzene under anoxic conditions and demon-
strated to utilize a large variety of aromatic compounds (39).
The complete genome sequence of strain EbN1 (38) and sev-
eral proteomic studies (26, 49, 52) revealed a fine-tuned, sub-
strate-specific regulation of its known catabolic pathways.
Anaerobic ethylbenzene degradation (Fig. 1) in strain EbN1
proceeds via initial oxidation of ethylbenzene to (S)-1-phe-
nylethanol by ethylbenzene dehydrogenase (EbdABC) (23). A
second oxidation step, catalyzed by (S)-1-phenylethanol dehy-
drogenase (Ped) (20, 24) then yields acetophenone, which is
subsequently converted to benzoyl-coenzyme A (CoA) via car-
boxylation (acetophenone carboxylase [Apcl-5]), CoA activa-
tion (benzoylacetate CoA-ligase [Bal]), and thiolytic removal
(benzoylacetyl-CoA thiolase) of acetyl-CoA (6). All proteins
involved in anaerobic degradation of ethylbenzene are en-
coded in two close-by gene clusters at approximately 1.4 Mb of
the chromosome (37, 38). One includes the ebd and ped genes
for the “upper” part of the degradation pathway from ethyl-
benzene to acetophenone. The other contains apc and bal
genes for the “lower” part from acetophenone to benzoyl-
CoA. The expression of these two gene clusters is sequentially
regulated in response to the presence of their specific sub-
strates, i.e., ethylbenzene and acetophenone (26).
p-Ethylphenol has not been tested as a substrate for anaer-
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FIG. 1. Anaerobic degradation pathways of ethylbenzene (A) and p-ethylphenol (B) in “A. aromaticum” strain EbN1. The two initial reactions
are chemically analogous but involve different enzymatic catalysis. Both pathways converge at the common intermediate benzoyl-CoA (the
ethylbenzene pathway is modified from reference 37). Enzyme names of the indicated gene products (shown in bold type) are as follows: Apcl-5,
acetophenone carboxylase; AcsA, predicted acetoacetyl-CoA synthetase; Bal, benzoylacetate CoA-ligase; BcrABCD, benzoyl-CoA reductase;
ChnA, predicted cyclohexanol dehydrogenase; EbA309, putative alcohol dehydrogenase; EbdABCD, ethylbenzene dehydrogenase; HcrABC,
p-hydroxybenzoyl-CoA reductase; Ped, (§)-1-phenylethanol dehydrogenase; PchCF, predicted p-ethylphenol methylhydroxylase; TioL, predicted
thiolase; XccABC, predicted p-hydroxyacetophenone carboxylase. A scale model for the organization of the involved genes is displayed for both
pathways. In addition, the paralogous gene cluster for the “upper part” of the alkylbenzene degradation pathway is shown. The scale bar indicates
the locations of the genes on the chromosome by the nucleotide positions. Products of genes marked in black were identified on the 2D DIGE

gels. *, compounds identified by GC-MS analysis.

obic growth of strain EbN1 before, but it was reported to
support anaerobic growth of phylogenetically related strain
EBI1 (3). A pathway for anaerobic degradation of p-ethylphe-
nol is presently unknown. In Pseudomonas putida JD1, the
aerobic p-ethylphenol degradation pathway is initiated by an
oxygen-independent hydroxylation (9). However, subsequent
reaction steps include monooxygenase activity (48), necessitat-
ing a different pathway under anoxic conditions.

In the present study we investigated anaerobic degradation
of p-ethylphenol in strain EbN1 to elucidate the degradation
pathway, study substrate-specific regulation, and analyze in-
volved proteins.

MATERIALS AND METHODS

Media and cultivation. “4. aromaticum” strain EbN1 was cultivated under
nitrate-reducing conditions as previously described (39). The soluble substrates

were added from sterile stock solutions. The poorly water-soluble substrates
ethylbenzene and p-ethylphenol were provided as dilutions in 2,2,4,4,6,8,8-hep-
tamethylnonane (HMN) as an inert carrier phase. The chemicals used were of
analytical grade.

Cultivation was carried out in 500-ml flat bottles containing 400 ml of medium
and 10 ml carrier phase when required. Bottles were anoxically sealed with
rubber stoppers under a N,/CO, (9:1, vol/vol) atmosphere. Cells were adapted to
anaerobic growth with acetophenone (2 mM), benzoate (4 mM), p-hydroxyace-
tophenone (2 mM), ethylbenzene (2% in HMN [vol/vol]) and p-ethylphenol
(0.5% in HMN [wt/vol]) for at least five passages.

Mass cultivation was performed to supply sufficient cell material for RNA and
proteomic analysis. Cells were harvested at midlinear growth phase as described
previously (6). Cell pellets were immediately frozen in liquid nitrogen and stored
at —80°C until further analysis. For each growth condition, a set of twelve
parallel cultures generated independent biological samples.

Analysis of metabolites. Formation of metabolites was studied in substrate-
adapted cultures (see above), with benzoate-adapted cultures serving as a ref-
erence state. Unambiguous evidence for identified metabolites to be derived
directly from p-ethylphenol was obtained from experiments using deuterated
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p-ethylphenol (2,3,5,6-d,-p-ethylphenol; Campro Scientific, Berlin, Germany) as
a growth substrate. Metabolites of at least two independent cultures were ex-
tracted and analyzed per adaptation condition.

Respective cultures were incubated until nitrate and nitrite were nearly de-
pleted, as determined by means of Merckoquant test stripes (Merck, Darmstadt,
Germany). Subsequently, cultures were heat inactivated and chilled on ice, and
the carrier phase was removed via a separatory funnel after heating, as described
previously (40). The inactivated cultures were extracted repeatedly at pH 1.5 with
diethyl ether. Extracts were derivatized prior to gas chromatographic-mass spec-
trometric (GC-MS) analysis using a solution of diazomethane in diethyl ether.
GC-MS measurements were performed using a Trace GC-MS (Thermoelectron,
Dreieich, Germany). The GC was equipped with a temperature-programmable
injection system and a BPX5-fused silica capillary column (length, 50 m; inner
diameter, 0.22 mm; film thickness, 0.25 wm). Helium was used as a carrier gas.
The GC oven temperature was programmed from 50°C (1 min isothermal) to
310°C (20 min isothermal) at a rate of 3°C min~'. The MS was operated in
electron impact mode at an ion source temperature of 230°C. Full-scan mass
spectra were recorded over the mass range of 50 to 600 Da at a rate of 2.5 scans
s~ L. Identification of metabolites was based on comparisons of GC retention
times and mass spectra with those of authentic standards.

Physiological adaptation experiments. Substrate adaptation experiments were
performed with cells of strain EbN1 adapted to anaerobic growth with ethylben-
zene, acetophenone, p-ethylphenol, or p-hydroxyacetophenone shifted to any of
these four substrates. Controls lacked either organic substrate or inoculum.
During incubation, samples were withdrawn from the aqueous phase (1 ml) using
N,-flushed sterile syringes at intervals of 2 to 3 h. Samples were directly used to
monitor growth by measuring the optical density at 660 nm (UV-1202; Shimadzu,
Duisburg, Germany). The end of incubation was indicated by the depletion of the
electron acceptor nitrate and intermediary formed nitrite as well as lack of
increase in optical density. Nitrate and nitrite concentrations were monitored
with Merckoquant test strips (Merck). For each of the four test conditions, four
replicate shift experiments were conducted (two replicates for each of two inde-
pendently inoculated cultures). In all cases, the four replicates yielded highly
similar time courses of growth.

Two-dimensional difference gel electrophoresis (2D DIGE). Cell disruption
with a PlusOne sample grinding kit (GE Healthcare, Munich, Germany) and
preparation of protein extracts were performed as previously described (15).
Protein concentration was determined according to the method described by
Bradford (4).

Isoelectric focusing was carried out as described previously (15) using an
IPG-phor system (GE Healthcare) and 24-cm IPG strips with a nonlinear pH
gradient of 3 to 11 (GE Healthcare). DeStreak rehydration solution (GE Health-
care) was used to enhance resolution and reproducibility in the alkaline pH
range. An EttanDalt II system (GE Healthcare) was used to carry out separation
according to molecular mass in 12.5% acrylamide gels as described recently (52).

2D DIGE was essentially carried out as described by Gade et al. (15). A total
of 200 pmol of CyDye Fluors was used to label 50 wg of protein sample.
Preelectrophoretic labeling with different cyanine dyes allows coseparation of up
to three samples in a single gel. An individual experiment in the present study
contained (per gel) equal amounts of reference state, test state, and internal
standard.

To account for biological variation, protein extracts from three independently
grown cultures were prepared for each substrate condition. Three parallel gels
for each protein extract were analyzed to also account for technical variation.
Protein extracts from cells anaerobically grown with benzoate served as a refer-
ence state since the activated form, benzoyl-CoA, is the central intermediate of
anaerobic aromatic compound degradation in strain EbN1. The reference state
was labeled with Cy5. Protein extracts from cells anaerobically grown with ethyl-
benzene, acetophenone, p-ethylphenol, or p-hydroxyacetophenone served as test
states and were each labeled with Cy3. All experiments contained the same
internal standard, which was composed of equal amounts of all protein prepa-
rations of the reference and all test states and labeled with Cy2.

2D DIGE gels were scanned immediately after electrophoresis with a Typhoon
9400 scanner (GE Healthcare). Analysis of cropped images was performed with
the DeCyder software (version 5.0; GE Healthcare). Parameters for codetection
of protein spots were as described by Wohlbrand et al. (52). Protein spots that
were defined as significantly regulated fulfilled the following criteria: an average
ratio (n-fold change) of <—2.5 or >2.5, an analysis of variance P value of <0.05,
a ¢ test value of <107, and matched in at least 27 gels. Overall, the DeCyder
analysis included 36 gels (representing 108 gel images), which contained on
average 1,063 detected protein spots.

In order to identify differentially regulated spots by MS, separate preparative
gels (300-pg protein load) were run for all test states. These gels were stained
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TABLE 1. Primer sequences of genes involved in anaerobic
ethylbenzene and p-ethylphenol degradation of
“A. aromaticum” strain EbN1

) Target Product
Primer® Sequence (5 — 3’) gene length
(bp)
berC 108F CAAGTGGTGGCAACGAT berC 191
GTGT
berC 299R GAAGGTCTGGCGATACTGG
ATGC
herB 405F GCCATCGTCAACATAGAATT  herB 202
herB 607R TGCCAGTACTTCAACCA
GAGC
ebdA 300F CTCCGCGGCGTCCTTGCT ebdA 186
ebdA 486R CGCGCCGTGCCCAGTTC
TACC
ebdA2 2666F GGCGGAGCTCGGTATCAA ebdA2 190

ebdA2 2856R  GGGCTTCCATTCAGGTAGTA

apcl 1441F AGCGGCGCCATCTCACTG apcl 153

apcl 1594R ACCGCCGTCGACATTCTCT

pchF 1099F CCATCCGGGAGCACCACT pchlF 237

pchF 1336R GGCCGGCAACGTCATCATC

xccA 1215F GAATTCCGGGTGCTGGC xccA 198
TCTC

xccA 1413R GCGCGACGGGGCTCAATA

¢ Antisense primers (“R”) were used for RT.

with colloidal Coomassie brilliant blue according to the method described by
Doherty et al. (12). The high reproducibility of spot patterns allowed MS-based
identification of differentially regulated proteins as determined by 2D DIGE/
DeCyder. Only unambiguously matching spots were included in this analysis.

Protein identification by MS. Tryptic digest of excised proteins was performed
as described previously (21). Peptide masses were determined by matrix-assisted
laser desorption ionization-time of flight MS. Protein identification and genome
analysis were based on the published list of annotated genes from the genome of
strain EbN1 (38). Peptide mass fingerprints were mapped to the in silico digests
of the predicted proteins by using the MS digest program (7).

Preparation of mRNA and real-time reverse transcription (RT)-PCR. Total
RNA was prepared from substrate-adapted cells as described by Oelmiiller et al.
(34). RNA was prepared from two independent cultures for each growth condi-
tion to account for biological variation. Total removal of DNA by DNase diges-
tion was confirmed by PCR as described previously (26). The quality of RNA
preparation was controlled with a RNA 6000 Nano assay using a 2100 Bioana-
lyzer (Agilent Technologies, Boblingen, Germany). Antisense primers of gene-
specific primer pairs (Table 1) were used for RT of 2.5 pg total RNA using H
minus M-MLuV reverse transcriptase (MBI Fermentas, St. Leon-Roth, Ger-
many) according to the manufacturer’s instructions. Real-time PCR was per-
formed as described previously (26) using an iQ5 real-time PCR detection system
(Bio-Rad, Miinchen, Germany) and qPCR Mastermix Plus for SYBR green I
(Eurogentec, Koln, Germany). PCR efficiencies were determined as described by
Ramakers et al. (41), and relative expression levels were calculated as described
by Pfaffl (35). For each individual RNA preparation, at least two independent
RTs were performed. For each generated cDNA, at least two real-time RT-PCR
experiments with three parallels each were conducted.

Expression of genes encoding the catalytic subunits of the initial enzymes of
both pathways were studied, i.e., ebdA4 (encoding the a-subunit of ethylbenzene
dehydrogenase) and pchF (encoding the a-subunit of the p-cresol methylhy-
droxylase-like protein) as well as subunits of the enzymes involved in carboxy-
lation of acetophenone (apcl, encoding the B-subunit of acetophenone carbox-
ylase) and p-hydroxyacetophenone (xccA, encoding the carboxyltransferase
subunit of the biotin carboxylase). Also, transcription of AcrB (encoding the
B-subunit of the predicted p-hydroxybenzoyl-CoA reductase) was analyzed, since
reductive dehydroxylation of p-hydroxybenzoyl-CoA is assumed to feed into the
central benzoyl-CoA pathway during p-ethylphenol degradation (Fig. 1). Benzo-
ate-adapted cells served as a reference state, and bcrC (encoding the y-subunit
of benzoyl-CoA reductase) was selected as a reference gene, since benzoyl-CoA
reductase represents the first common enzyme of the ethylbenzene and p-ethyl-
phenol degradation pathways.
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RESULTS AND DISCUSSION

Considering the chemical structures of p-ethylphenol and
p-hydroxyacetophenone, a reaction sequence similar to that of
anaerobic ethylbenzene degradation could be envisioned (Fig.
1). Thus, p-ethylphenol may be converted to benzoyl-CoA via
1-(4-hydroxyphenyl)-ethanol, p-hydroxyacetophenone, and p-
hydroxybenzoyl-CoA (Fig. 1). To test this hypothesis, sub-
strate-specific metabolites were analyzed (Fig. 2). Moreover,
cultures of strain EbN1 adapted to anaerobic growth with
p-ethylphenol, p-hydroxyacetophenone, ethylbenzene, and
acetophenone were used to (i) determine adaptation times to
growth with either of these substrates (Fig. 3), (ii) investigate
substrate-dependent regulation of the p-ethylphenol pathway
on the molecular level (Table 2 and Fig. 4 to 6), and (iii)
elucidate possible functions of the specifically regulated
proteins.

Metabolite formation during anaerobic p-ethylphenol deg-
radation. The intermediates p-hydroxyacetophenone, p-hy-
droxybenzoate, and benzoate were identified in p-ethylphenol-
utilizing cultures by GC-MS analysis. This finding was further
verified by identification of corresponding 2,3,5,6-d,-isoto-
pomers upon incubation with 2,3,5,6-d,,-p-ethylphenol (Fig. 2).
Accordingly, p-hydroxybenzoate and benzoate were identified
when cells were grown with p-hydroxyacetophenone. Overall,
the observed metabolites are in agreement with the proposed
pathway (Fig. 1).

Adaptation to aromatic growth substrates. Under all four
studied adaptation conditions (i.e., p-ethylphenol, p-hydroxy-
acetophenone, ethylbenzene, and acetophenone), the primary
adaptation substrate was readily utilized, while anaerobic
growth with the three other aromatic substrates occurred in
most cases only after prolonged incubation (Fig. 3), indicating
that the respective degradation capacities had to be induced.
Ethylbenzene- as well as acetophenone-adapted cultures re-
quired pronounced adaptation times (~50 h) to start utilizing
p-ethylphenol and p-hydroxyacetophenone for growth (Fig. 3A
and C). Conversely, p-ethylphenol-adapted cultures displayed
distinct adaptation times for the utilization of ethylbenzene
and acetophenone (Fig. 3B). p-Hydroxyacetophenone-adapted
cultures required an adaptation time of >160 h to start grow-
ing with acetophenone (Fig. 3D). Similarly long adaptation
times (>100 h) to begin acetophenone utilization were ob-
served for toluene-adapted cultures of strain EbN1 (data not
shown), pointing to a special toxicity of acetophenone. Overall,
these adaptation experiments already indicate the presence of
two different degradation pathways which operate only in re-
sponse to their respective substrates. The only exception to
these congruent adaptation patterns was the simultaneous ad-
aptation of p-hydroxyacetophenone-adapted cells to the utili-
zation of ethylbenzene (Fig. 3D), which contrasts the absent
expression of ethylbenzene-related genes under this adapta-
tion condition (see Table 2 and Fig. 5).

Regulation of the degradation pathways. The soluble pro-
teomes of substrate-adapted cells of strain EbN1 were ana-
lyzed by 2D DIGE. In total, 87 protein spots were differentially
regulated (n-fold change of >[2.5| compared to benzoate-
adapted cells), of which 71 were identified by mapping of
peptide masses. The identified proteins represented 51 differ-
ent protein species, 25 of which could be assigned to the two

J. BACTERIOL.

TABLE 2. Changes (n-fold) in abundances of proteins involved
in anaerobic ethylbenzene and p-ethylphenol degradation in
substrate-adapted cells of “A. aromaticum” strain EbN1 as

determined by 2D DIGE

Fold change with adaptation

b.
Assumed function of identified proteins” substrate™:

Etb Acp pEp pAc

Ethylbenzene degradation

EbdB (c1A63) 603 13 24 16
EbdC (c1A62)° 1540 13 17 14
EbdD (c1A60) 178 14 14 14
Ped (c1A58) 175 17 15 18

Orf68 (c1A68)° 3112 3.0 210 391

Acetophenone degradation

Apcl (c1A105) 322 26 13 14
Apc2 (c1A200)° 734 299 -10 11
Apc3 (c1A102)° 358 339 24 -26
Apcd (c1A100)° 959 457 14 —14
Orf84 (c1A84) 538 13 21 14

Orf87 (c1A87) 1013 17 —-11 12

p-Ethylphenol degradation

PchF (EbA300) 1.9 14 189 231

ChnA (EbA307) .1 —-1.0 72 69

EbA309 1.5 1.6 124 134

EbA310 -15 -14 9.1 8.7

EbA312 1.4 1.2 48.4 47.5
p-Hydroxyacetophenone degradation

XceA (EbA314) 1.6 19 355 356

XccB (EbBY) 1.7 1.6 883 853

TioL (EbA306) 13 12 284 325

EbA318 1.7 1.6 41.6  40.7
pEp and pAc-related proteins

EbA329 2.7 2.6 15.7 32.3

EbA332 4.2 21 102.1  259.7

EbA335 6.7 1.3 4.9 9.4
Paralogous ethylbenzene gene

cluster
EbdC2 (EbA5793) 2.0 1.4 35 3.4
Ped2 (EbA5789) 2.9 1.6 20,6 —1.0

“ Proteins are listed according to the reaction sequence. Protein names and
open reading frame numbers (e.g., EbA309) are as described previously (38).

b Cells were adapted to anaerobic growth with the selected substrates for at
least five passages. Substrate abbreviations: Acp, acetophenone; Etb, ethylben-
zene; pAc, p-hydroxyacetophenone; pEp, p-ethylphenol. Changes marked in
bold are above the set threshold of significance (>[2.5]).

¢ For protein species separated as two spots with different pls, the n-fold
change of the most-abundant spot is indicated. Data not shown revealed a similar
ratio of n-fold changes.

studied degradation pathways (Table 2 and Fig. 4). In addition
to the proteomic analysis, gene expression of the catalytic sub-
units of the initial enzymes of both pathways as well as the
respective carboxylating enzymes was investigated on the RNA
level (Fig. 5).

(i) Substrate-specific regulation of the ethylbenzene degra-
dation pathway. Subunits of both enzymes of the “upper” part
of the ethylbenzene degradation pathway (EbdBCD, ethylben-
zene dehydrogenase; Ped, (S)-1-phenylethanol dehydroge-
nase) were specifically increased in abundance (17- to 154-
fold) during anaerobic growth with ethylbenzene but not with
p-ethylphenol (Table 2). Accordingly, the relative expression
level of ebdA was strongly increased in cells grown with ethyl-
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FIG. 2. Mass spectra of identified metabolites of anaerobic p-ethylphenol degradation and their 2,3,5,6-d ;-isotopomers derived from 2,3,5,6-
d,-p-ethylphenol utilization. (A) Benzoic acid methyl ester. (B) 2,3,5,6-d,-Benzoic acid methyl ester (please note that the MS evidence demon-
strates four d atoms on the aromatic ring but does not necessarily prove the depicted labeling pattern). (C) p-Hydroxyacetophenone. (D) 2,3,5,6-

d,-p-Hydroxyacetophenone. (E) p-Hydroxybenzoic acid methyl ester. (F) 2,3,5,6,-d,-p-Hydroxybenzoic acid methyl ester.

benzene (>460-fold) and to a lower extent with acetophenone
(17-fold) (Fig. 5), agreeing well with previously reported eth-
ylbenzene-specific expression of ebdA and formation of EbdC
and EbdD in strain EbN1 (26). Conversely, in p-ethylphenol-
and p-hydroxyacetophenone-adapted cells, only a low-level in-
duction of ebdA transcription was observed (30- and 9-fold,
respectively), agreeing with the concurrent lack of significant
EbdBCD and Ped formation.

Significantly elevated abundances (up to 95-fold) (Table 2)
of identified subunits of acetophenone carboxylase (Apc1234)
as well as an increased apcl expression level (up to 66-fold)

(Fig. 5) were only observed in cells grown with ethylbenzene
and acetophenone, agreeing with previous observations (26).
The lack of significant formation of the Apc proteins during
anaerobic growth with p-ethylphenol and p-hydroxyacetophe-
none (ranging from —2.6 to 1.4-fold) and the marginally in-
creased expression of apc! (7- and 6-fold, respectively) point to
a narrow effector spectrum of the predicted sensor/regulator
system Tcs1/Terl for acetophenone.

(ii) Paralogous ethylbenzene dehydrogenase (EbdABC2) is
not involved in anaerobic p-ethylphenol degradation. The
chromosome of strain EbN1 contains a second gene cluster
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acetophenone (A). Filled symbols represent the adaptation substrate of the respective inoculum culture.

related to the “upper” part of the ethylbenzene degradation
pathway encoded at approximately 3.4 Mb of the chromosome
(Fig. 1) (38). The physiological functions of the encoded para-
logs (EbdABCD2, Ped2, and EbA5797) are currently un-

known. The previously observed induction of paralogous (S)-
1-phenylethanol dehydrogenase (Ped2) during anaerobic
growth with p-cresol, in analogy to induction of ebd genes by
toluene, led to the assumption that the paralogous ethylben-

EbA309

Ped2

EbA335

EbA332 v

EbA3E , |
hA329
- zie EbA312

EbdC2

EbA332

XceA
+ Tiol
EbA318
EbA329 -
EbA309 . EbAdls

EbdC2

ChnA

FIG. 4. Differential protein profiles (2D DIGE) of substrate-adapted cells of “A. aromaticum” strain EbN1. Adaptation substrates for anaerobic
growth were p-ethylphenol (A; pEp) and p-hydroxyacetophenone (B; pAc). Cultures adapted to anaerobic growth with benzoate (Bz) served as
a reference state. Protein abbreviations are as described in the legend to Fig. 1. Changes (n-fold) in protein abundances of annotated proteins are
indicated in Table 2.
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FIG. 5. Relative expression levels of ebdA, apcl, pchF, and xccA in
substrate-adapted cells of “A. aromaticum” strain EbN1. The selected
genes encode catalytic subunits ethylbenzene dehydrogenase (ebdA),
acetophenone carboxylase (apcl), predicted p-ethylphenol methylhy-
droxylase (pchF), predicted p-hydroxyacetophenone carboxylase
(xccA), and paralogous catalytic subunit of ethylbenzene dehydroge-
nase (ebdA2). Benzoate-adapted cells were used as a reference state,
and berC (encoding the y-subunit of benzoyl-CoA reductase) served as
a reference gene. Relative expression levels were determined by real-
time RT-PCR. Abbreviations of adaptation substrates: Etb, ethylben-
zene; Acp, acetophenone; pEp, p-ethylphenol; pAc, p-acetophenone;
pHB, p-hydroxybenzoate.

zene dehydrogenase (EbdABCD2) could be involved in p-
ethylphenol degradation (52). Agreeing with such an assump-
tion, p-ethylphenol was oxidized at high rates by ethylbenzene
dehydrogenase, though with a significantly higher K, than
ethylbenzene (40.5 pM versus 0.45 pM) (47). However, the
abundances of identified EbdC2 and Ped2 were only slightly
increased during anaerobic growth with p-ethylphenol and p-
hydroxyacetophenone (up to 3.5-fold for EbdC2 and 20.6-fold
for Ped2, respectively) (Table 2). Also, expression of ebdA2
(encoding the a-subunit of paralogous ethylbenzene dehydro-
genase) was only marginally increased during growth with eth-
ylbenzene (7.0-fold) but not with any other substrate (Fig. 5).
Considering the strong increase in EbdC abundance (154.0-
fold) and the high expression level of ebdA (>460-fold) in
ethylbenzene-grown cells, a metabolic function of the paralo-
gous enzyme in anaerobic p-ethylphenol degradation seems
unlikely.

(iii) Coordinated and substrate-specific regulation of the
p-ethylphenol and p-hydroxyacetophenone degradation path-
way. Due to their specific upregulation (up to 259-fold) in
p-ethylphenol- and p-hydroxyacetophenone-adapted cells (Ta-
ble 2 and Fig. 4), 12 proteins could be related to a common
degradation pathway for both compounds. The predicted func-
tions of these proteins are as follows: subunit of a p-cresol
methylhydroxylase-like protein (PchF), thiolase (TioL), cyclo-
hexanol dehydrogenase (ChnA), putative alcohol dehydroge-
nase (EbA309), flavin adenine dinucleotide-linked oxidase
(EbA310), sugar phosphatase (EbA312), biotin-dependent
carboxylase (XccAB), and four hypothetical proteins (EbA318,
EbA329, EbA332, and EbA335). Analogously, expression
analysis of pchF and xccA revealed a specific upregulation as
well as highly similar relative expression levels during anaero-
bic growth with p-ethylphenol (140- and >140-fold, respec-
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tively) and p-hydroxyacetophenone (107- and 97-fold, respec-
tively) (Fig. 5). In contrast, their expression was only slightly
increased in ethylbenzene- and acetophenone-adapted cells
(<16-fold) (Fig. 5), agreeing well with the proteomic data.

Most of these proteins are encoded in a large operon-like
structure (~15 kb) on the chromosome of strain EbN1 (38).
The only exceptions are the hypothetical proteins EbA329,
EbA332, and EbA335, which are encoded in a second operon-
like structure, at a distance of only 2.5 kb upstream of the first
one (Fig. 1). Interestingly, in between these two operons lies
the EbA324 gene, encoding a putative sigma 54-dependent
transcriptional regulator, possibly involved in gene regulation
of the p-ethylphenol degradation pathway.

The organization of all genes of the p-ethylphenol degrada-
tion pathway in a single operon-like structure is indicative of a
coordinated regulation, which contrasts with the described se-
quential regulation of the two catabolic operons of the ethyl-
benzene degradation pathway (26). This assumption is sup-
ported by the highly similar pchF and xccA expression levels as
well as the conspicuously similar increased abundances of all
identified proteins encoded in the gene cluster (Table 2 and
Fig. 5) during anaerobic growth with p-ethylphenol and p-
hydroxyacetophenone. Moreover, RT analysis applying only
the pchF antisense primer enables PCR amplification of both
pchF and xccA, pointing to expression of the whole operon as
a polycistronic transcript (see Fig. S1 in the supplemental ma-
terial). Overall, the differential proteomic and gene expression
data demonstrate a clear difference between the ethylbenzene
and p-ethylphenol degradation pathways from a regulatory
point of view.

(iv) Sigma 54-dependent regulation of the anaerobic p-eth-
ylphenol degradation pathway. Regulation of aromatic com-
pound degradation pathways is known to occur on the tran-
scriptional level, mediated by a variety of transcriptional
regulators sensing the aromatic stimulus (16, 26). The two gene
clusters, induced by p-ethylphenol and p-hydroxyacetophe-
none, are separated by the EbA324 gene, encoding a putative
sigma 54-dependent transcriptional regulator in trans (Fig. 1)
(38). Interestingly, both gene clusters harbor the —12/—24
consensus sequence of sigma 54-dependent promoters (5'-
TGGC-N,-TTGCA-3") (19) approximately 100 bp upstream of
the translational start of acs4 and the EbA335 gene, suggesting
involvement of EbA324 in initiation of their transcription. Se-
quence analysis of EbA324 classified it as an NtrC-type tran-
scriptional regulator, comprising a C-terminal helix-turn-helix,
a sigma 54 interaction, and an N-terminal receptor domain
(31). NtrC-type regulators are known to be involved in tran-
scription of genes with diverse physiological functions (27).
The sigma 54-dependent XylR regulator of aerobic toluene
and xylene degradation in Pseudomonas putida is activated
upon recognition of toluene and xylenes as well as their benzyl
alcohol and benzaldehyde derivatives (1). Interestingly, the
amino acid sequence of EbA324 shares 40% sequence identity
with XylIR, supporting its predicted function. Since p-ethylphe-
nol and p-hydroxyacetophenone induce expression of the p-
ethylphenol-related gene cluster to the same extent, one may
speculate that both molecules are recognized by EbA324,
agreeing with the known broad effector spectrum of related
XyIR (1). However, chemically related ethylbenzene and ace-
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tophenone apparently do not belong to the effector spectrum
of EbA324.

Enzyme candidates of anaerobic p-ethylphenol and p-hy-
droxyacetophenone degradation. Based on their predicted
functions, most of the specifically upregulated proteins can be
correlated to individual reactions within the proposed p-ethyl-
phenol degradation pathway (Fig. 1).

(i) p-Ethylphenol methylhydroxylase. The initial dehydroge-
nation of p-ethylphenol, forming 1-(4-hydroxyphenyl)-ethanol,
could be catalyzed by the p-cresol methylhydroxylase-like pro-
tein (PchCF). Dioxygen-independent dehydrogenation of p-
ethylphenol by an ethylphenol methylhydroxylase (EPMH) has
been reported for Pseudomonas putida JD1 (43) and Aspergil-
lus fumigatus (22). Interestingly, P. putida JD1 possesses two
different, but highly similar, hydroxylases for p-cresol and p-
ethylphenol degradation (43), for which gene sequences are
presently not available. Indeed, PchF of strain EbN1 shares
31% sequence identity with the p-cresol methylhydroxylase
(PchF; PCMH) from P. putida NCIMB 9866, which is also
active on p-ethylphenol (30). Due to the hydroxyl group in para
position, enabling intermediary formation of a quinone methide,
the redox potential of the EPMH flavin cofactor (+280 mV) is
sufficient for initial dehydrogenation of p-ethylphenol (43). In
contrast, dehydrogenation of ethylbenzene necessitates the mo-
lybdenum cofactor and an electron acceptor with a higher redox
potential (+380 mV) to achieve reasonable oxidation rates of the
chemically stable substrate (23). Thus, oxidation of p-ethylphenol
by the PCMH-like protein (PchCF) in strain EbN1 seems rea-
sonable.

(ii) 1-(4-Hydroxyphenyl)-ethanol dehydrogenase. The oxi-
dation of 1-(4-hydroxyphenyl)-ethanol to p-hydroxyacetophe-
none might also be performed by PchCF, since purified EPMH
from P. putida JD1 forms p-hydroxyacetophenone as a major
oxidation product from p-ethylphenol (43). However, in the
initial reaction, EPMH stereospecifically forms the R(+)-1-(4-
hydroxyphenyl)-ethanol enantiomer in high excess (>90%),
which is only slowly oxidized by EPMH (44). Rapid oxidation
of the R(+)-enantiomer in crude extracts of P. putida JD1 was
suggested to result from the involvement of a second, so-far-
unknown enzyme (44). In strain EbNI1, the two predicted al-
cohol dehydrogenases (ChnA and EbA309) may catalyze this
oxidation, since both display high sequence similarity to (S5)-1-
phenylethanol dehydrogenase of strain EbN1 (Ped; 33% and
36% identity, respectively), catalyzing the analogous reaction
in the pathway for anaerobic ethylbenzene degradation (24).

(iii) Carboxylase. Carboxylation of p-hydroxyacetophenone
is most probably catalyzed by the biotin-dependent carboxylase
XccABC. This enzyme does not share any homology with ace-
tophenone carboxylase (Apcl-5), acetone carboxylase (Acx-
ABC), or biotin-independent phenylphosphate carboxylase
(PpcABCD) of strain EbN1 (38). Thus, it represents the fourth
type of carboxylase in strain EbN1 and can be expected to
employ a distinct catalytic mechanism. Biotin-dependent car-
boxylases are a diverse group of enzymes found in various
biosynthetic pathways in pro- and eukaryotes (8). The two-step
catalysis involves (i) carboxylation of biotin and (ii) transcar-
boxylation from biotin to the respective acceptor molecules.

(iv) Further enzymes. Activation of the carboxylation prod-
uct to its respective CoA-ester could be performed by the
acetoacetyl-CoA synthetase-like protein AcsA, which is not
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homologous to the benzoylacetate CoA-ligase (Bal) of the
acetophenone degradation pathway. Subsequently, the pre-
dicted thiolase (TioL) may thiolytically cleave the CoA-acti-
vated carboxylation product to p-hydroxybenzoyl-CoA and
acetyl-CoA. At present, however, a hydrolytic cleavage of the
carboxylation product without prior CoA activation as known
from oxaloacetate hydrolase (29) cannot be excluded.

The final reductive dehydroxylation, yielding benzoyl-CoA,
is supposed to be catalyzed by the predicted hydroxybenzoyl-
CoA reductase (HcrABC), as suggested for the anaerobic phe-
nol and p-cresol degradation pathways (38, 52). However, sub-
units of the enzyme from strain EbN1 could not be detected on
2D DIGE gels until now, and a transcript of crB could not be
detected in significant amounts in p-hydroxybenzoate-grown
cells (data not shown; also see the supplemental material).
Thus, the last step in the transformation of p-ethylphenol (also
phenol and p-cresol) to benzoyl-CoA in strain EbN1 is pres-
ently not well understood.

It should be noted, however, that aerobic utilization of m-
hydroxybenzoate also induced formation of the proteins of the
p-ethylphenol pathway (PchF, TioL, ChnA, EbA310, XccAB,
EbA318, and EbA332) (52), though to a markedly lower extent
(maximum 30-fold). The physiological meaning of this regula-
tory pattern remains elusive at present.

Possible involvement of a specific solvent stress system in
p-ethylphenol and p-hydroxyacetophenone metabolism. Be-
sides the genes predicted to be involved in the anaerobic deg-
radation of p-ethylphenol and p-hydroxyacetophenone, three
further gene products, EbA329, EbA332, and EbA335, dis-
played strongly increased abundances during anaerobic growth
of strain EbN1 with both aromatic substrates (Table 2 and Fig.
4). All of them represent proteins of unknown function, en-
coded together with another hypothetical protein (EbA326)
and a putative transport protein (EbA327) in an operon-like
structure shortly upstream of the p-ethylphenol gene cluster
(Fig. 1) (38).

Further analysis of EbA326 revealed domains related to a
cytoplasmic universal stress protein (UpsA) from Escherichia
coli (31), the expression of which is enhanced during prolonged
exposure to stress agents (33). Furthermore, analysis of
EbA327 revealed two transmembrane domains and a sensory
domain related to an RND-type efflux pump (AcrB) from E.
coli (31). AcrB is assumed to capture its substrate either from
within the inner membrane or from the cytoplasm (53), fol-
lowed by excretion through an outer membrane channel
(TolC). The AcrB-TolC interaction is mediated by a periplas-
mic accessory protein (AcrA), and the transport process is
driven by proton motive force (36). Energy-dependent efflux
pumps of the RND family are known to be involved in solvent
tolerance (e.g., n-hexane or toluene) in several gram-negative
bacteria, in particular E. coli and Pseudomonas sp. (42).

Interestingly, the hypothetical proteins EbA332 and EbA335
possess signal sequences for periplasmic localization (13).
Though sequence analysis of EbA332 and EbA335 revealed no
significant similarity to AcrA and TolC, respectively, the pro-
teins are relatively similar in size (400 and 500 amino acids [aa]
for AcrA and TolC, respectively, and 450 and 550 aa for
EbA332 and EbA335, respectively). In addition, prediction of
EbA335 secondary structure elements indicated the formation
of numerous beta-sheets and turn regions, possibly forming a
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(26).

beta-barrel as seen in outer membrane porins (10). Consider-
ing the specific formation of these proteins in the presence of
aromatic solvents, one may speculate that the EbA327,
EbA332, and EbA335 genes encode a so-far-uncharacterized,
solvent-specific efflux system, analogous to the AcrAB-TolC
system of E. coli and Pseudomonas sp. (see Fig. S2 in the
supplemental material).

Remarkably, the chromosome of strain EbN1 harbors two
additional gene clusters which display high sequence similarity
(76 to 97% aa sequence identities) (Fig. 6A) to the EbA326-
335 cluster and exhibit the same gene order (Fig. 6) (38). The
first cluster (EbA1926-1936) is located adjacent to the cata-
bolic genes of anaerobic toluene degradation and the second
(EbA5762-5768) is near ppsB (encoding a subunit of the pre-
dicted phenylphosphate synthetase) (Fig. 6) (52). In addition,
the three paralogous gene clusters are specifically expressed in
the presence of different aromatic compounds, which correlate
well with the genomic context in each case (Fig. 6B). The

products of genes EbA326-335, EbA1926-1936, and EbAS5762-
5768 were specifically formed during anaerobic growth with,
e.g., p-ethylphenol, toluene (26), and phenol/p-cresol (52), re-
spectively. Formation of EbA5762-5768 was also recently ob-
served in succinate-utilizing cells of strain EbN1 suddenly
stressed with phenolic compounds (49). These analogous reg-
ulatory patterns support the predicted solvent-related function
of the encoded proteins and point to a fine-tuned system of
solvent stress tolerance in strain EbN1.

Notably, highly similar gene clusters (42 to 88% aa sequence
identity; see Fig. S3 in the supplemental material) were de-
tected in the genomes of plant-associated Azoarcus sp. strain
BH72 (42 to 80% aa identity) (25), anaerobic aromatic com-
pound-degrading Thauera aromatica K172 (80 to 88% aa) (28),
and aerobic aromatic compound-degrading and solvent-toler-
ant P. putida KT2440 (32). In the case of Azoarcus sp. strain
BH72 and T. aromatica K172, these genes are also located
adjacent to genes of aerobic phenol and anaerobic toluene
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degradation, respectively (see Fig. S3 in the supplemental ma-
terial), further supporting a general solvent stress-related func-
tion of these gene clusters.
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